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Abstract
Isolated and full monolayer adsorption of various carboranethiol (C2B10H12S) isomers on
gold (111) surface have been investigated using both the standard and van der Waals density
functional theoretical calculations. The effect of differing molecular dipole moment orien-
tations on the low energy adlayer geometries, the binding characteristics and the electronic
properties of the self-assembled monolayers of these isomers have been studied. Specifically,
the binding energy and work function changes associated with different molecules show a
correlation with their dipole moments. The adsorption is favored for the isomers with dipole
moments parallel to the surface. Of the two possible unit cell structures, the (5×5) was found
to be more stable than the (√19×√19)R23.4◦ one.
Introduction
Thiol self-assembled monolayers (SAMs) on metal surfaces are ubiquitous systems due to their
easy adaptability in many different applications ranging from bio-sensors to electronics.1–4 The
utility of these systems is that by designing/using an appropriate thiol molecule, the properties
of the metal surfaces can be altered in a controlled way. The properties of thiol SAMs are gov-
erned by the balance between the intermolecular and molecule-surface interactions and have been
the subject of intense experimental2–7 and computational8–39 studies. By playing with the chem-
ical nature of the thiol molecules this balance can be altered and SAMs with different structural,
interface and/or surface properties could be obtained.
One very important property, especially for electronic applications, is the work function of the
metal surface coated with the SAM which can be controlled by tuning the dipole moment of the
molecules forming the SAM.18,20,21,30,31,34,40,41 To alter the work function either single compo-
nent SAMs made up of thiol molecules with appropriate dipole moment or mixed SAMs made up
of two different thiol molecules each with a different dipole moment can be employed.17,41–46 In
both cases, most of the time, the dipole moment of the molecules are tuned by adding a functional
group to the backbone or to the end of the molecules. This approach however not only changes the
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dipole moment but also alters the geometry of the molecule which in turn may result in SAMs with
different structural properties which is coupled to the electronic properties of the film/surface. To
be able to study the effect of geometry and the chemical/electronic nature of the molecule on the
properties of the film independently, hence, it is necessary to decouple these two changes in the
molecule. Dicarbacloso-dodecaborane thiols (C2B10H12S, will be referred to as carboranethiols) is
an outstanding alternative to this end, since by playing with the positions of the carbon and sulfur
atoms, the electronic properties of the molecule (i.e. dipole moment) can be altered without chang-
ing geometry. This fact combined with their chemical stability and almost spherical shape make
CTs unique molecules for studying the fundamental properties of thiol SAMs and for preparing
films that can be used in many different applications. Hence, SAMs of CTs and their derivatives
have attracted increasing interest in recent years.47–58
Recently, Lübben and coworkers have demonstrated that by using pure and mixed SAMs of
two carborane dithiol isomers [1,2-(HS2)-1,2-C2B10H10 and 9,12-(HS2)-1,2-C2B10H10] with op-
posite dipole moments, the surface potential of silver surfaces could be tuned. Weiss et al., on the
other hand, used two CT isomers [1-HS-1,7-C2B10H11 (M1) and 9-HS-1,7-C2B10H11 (M9), see
figure 1 for naming of CT isomers] and were able to tune the gold work function over a range of
0.8 eV by preparing mixed SAMs of these two isomers in different ratios.53 Then, they used such
SAM coated gold surfaces as electrodes of organic field effect transistors and observed an improve-
ment in the device characteristics. In addition they found that M1 adsorbs on the Au(111) surface
stronger than M9, based on contact angle and reflection absorption IR spectroscopy results, and
attributed this to dipole-dipole interactions of the molecules in the SAM. In case of M1 the dipole
moment vector of the molecule is parallel to the gold surface (see Figures 1 and 2) whereas for
M9 the direction is perpendicular to the surface. Hence Weiss et al. proposed that the head-to-tail
orientation of the dipoles of the M1 molecules could yield a more favorable adsorption when com-
pared with M9. In addition, very recently they showed that dipole-dipole interactions to be highly
defect tolerant based on STM measurements57 which can be interpreted as another outcome of
the importance of the dipole-dipole interactions on determining thiol film structure and adsorption
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strength. Finally, based on scanning tunneling microscope images, they suggested two possible
unit cell [(5 × 5) and (√19×√19)R23.4o] structures for M1 and M9 SAMs which are depicted in
Figure 3.55
Inspired by these experimental results we set out to perform a computational study to inves-
tigate the relation between the dipole moments of the molecules and their binding strengths and
monolayer electronic and crystal structures. To this end we have calculated the dipole moments
of all possible CT isomers shown in Figure 1 by using density functional theory. Then we have
modeled isolated molecules on Au(111) surface and determined the binding energies. Finally for
the isomers M1 and M9 we have performed calculations for different full monolayer structures and
determined the preferred crystal structure and the effect of the crystal structure on the electronic
properties of the interface.
Figure 1: The vdW-optimized structures of CT isomers. The numbering scheme is given in the M1
molecule.
Theoretical Methods
In order to describe the atomic and electronic structures of isolated and full monolayer adsorp-
tion of carboranethiols on the flat gold surface, periodic boundary density functional theory (DFT)
calculations were carried out based on the projector augmented-wave (PAW)59 method as imple-
mented in VASP.60–62 Single particle valence states were expanded in terms of plane waves up to a
kinetic energy cutoff of 400 eV. The electron-electron exchange and correlation interactions have
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been included using both the standard Perdew-Burke-Ernzerhof (PBE) functional within the gen-
eralized gradient approximation (GGA) and the dispersion corrected optB86b-vdW functional63
within the van der Waals density functional (vdW-DF) approach.64 The vdW correction mimics
the attractive electronic interactions beyond the equilibrium separations. Therefore, the basic idea
is to include the long range part of the correlation energy as a fully nonlocal functional of the
charge density.
Before moving on to the surface properties, we tested PBE and optB86b-vdW (exchange-
correlation) XC functionals against the lattice parameter of the bulk gold (fcc). The standard
PBE gives a value of 4.160 Å. The vdW correction leads to 4.125 Å which better compares with
the experimental value of 4.078 Å.65 We modeled the flat gold surface as a four atomic layer
slab in a supercell which also contains a vacuum region with a height of 21 Å along the surface
normal. This vacuum separation reduces to 14 Å after CT molecule adsorption on the surface.
Initial coordinates of gold atoms were taken from their bulk positions. Then, we performed a full
optimization of the ionic coordinates and lattice translation vectors based on the variational min-
imization of the Hellmann-Feynman forces by requiring each spatial component to be less than
0.01 eV/Å on each atom. The average nearest neighbor Au-Au bonds were found as 2.917 Å with
and as 2.942 Å without the dispersive corrections. The standard XC functionals tend to overes-
timate the bond lengths especially in metallic systems. This is basically due to the local density
approximation (LDA). It tries to parametrize the XC energy as a functional of the electron density
from the uniform distribution of an homogeneous electron gas with the same charge density.
For calculations involving molecular adsorbates on the surface, the gold atoms at the bottom
two layers were frozen to their fully relaxed positions. The (5×5) surface unit cell is considered
for the adsorption of an isolated CT on Au(111). This supercell is large enough to put at least 9.9
Å separation between the periodic images of the CT adsorbates on the surface.
In the full monolayer CT coverage on flat gold, we considered the (5×5) and (√19×√19)R23.4◦
structures as a probable surface phases as suggested by recent experiments.55 The surface Brillouin
zone integrations were carried out over k-point samplings with Γ-centered 5×5×1 meshes. Our
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tests with denser k-point grids showed that the total energies were converged to an accuracy of 10
meV. The density of states (DOS) calculations were performed with 7×7×1 k-point mesh using
the tetrahedron method.
The dissociative adsorption energies of Au(111) surfaces with isolated and full monolayer CTs
can be calculated by,
Eads = ECT/Au(111)−EAu(111)−n(ECT−
1
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EH2),
where ECT−H/Au(111), EAu(111), ECT and EH2 are the total energies of the Au(111) slab with CTs
which lost their tail hydrogens, of the clean Au(111) slab, of a single CT in a big box and of a
hydrogen molecule in vacuum, respectively. In this expression, n is the number of CT adsorbates
on the surface.
Table 1: Relative total energies, Et, and dipole moments, µ , of carboranethiol (CT) com-
pounds in the gas phase calculated using both PBE and optB86b-vdW functionals.
CT PBE vdW-DF
Et µx µy µz µ Et µx µy µz µ
M1 0.999 -0.56 -1.55 -0.66 1.78 1.008 -0.58 -1.53 -0.64 1.76
M2 0.002 -0.41 -0.43 -1.53 1.64 0.013 -0.40 -0.43 -1.50 1.61
M3 0.020 3.08 0.05 0.81 3.18 0.040 3.05 0.05 0.77 3.15
M4 0.000 2.16 -0.40 2.29 3.17 0.000 2.13 -0.39 2.26 3.13
M8 0.008 1.59 1.21 0.84 2.16 0.018 1.58 1.20 0.82 2.15
M9 0.065 1.27 1.53 3.34 3.89 0.085 1.26 1.52 3.33 3.87
Ortho 1.576 1.78 0.96 -3.10 3.70 1.596 1.76 0.92 -3.08 3.66
Para 0.869 -0.25 0.59 0.84 1.06 0.887 -0.25 0.57 0.81 1.02
Results and Discussion
The gas phase structures of various CT variants were obtained with both the standard PBE and
the modern vdW-DF functionals. The positional labeling of the carboranethiol isomers follow as
shown in Figure 1. Although the cage geometries are essentially similar their relative total energies
and dipole moments are different (see Table 1).
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a) b) c)
d)
Figure 2: Plots showing the a) XY, c) XZ components of the dipole moments of the CT isomers in
the gas phase. b) Chart showing the Z, XY components of the dipole moments and corresponding
adsorption energies of CT isomers on Au(111). d) Optimized geometries of the isolated M1, M4
and M9 CTs on the gold surface.
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We considered all probable adsorption configurations of CTs on the unreconstructed gold (111)
surface. For instance, the adsorption of M9 on gold at the bridge site is energetically 0.52 eV higher
than the most favorable position at the hollow site. In addition, when initially placed on top of one
of the surface gold atoms, the molecule relaxes into the bridge configuration. We also checked and
saw that a geometry optimization of an isolated CT starting from the bridge does not end up with
the hollow position. This result is not enough to rule out the possibility of the coexistence of both
adsorption types in an experimental realization. Indeed, our 1 ML results show that while most of
the molecules are adsorbed at the hollow site, small number of them come close to the bridge site
as shown in Figure 3.
Table 2: Relative total cell energies, Et, and dissociative adsorption energies, Eads, of Au(111)
with a single isolated CT, calculated using PBE and optB86b-vdW methods.
PBE optB86b-vdW
CT Et Eads dS−Au h Et Eads dS−Au h
M1 1.14 -1.02 2.44, 2.47, 2.57 1.49 1.15 -1.23 2.42, 2.44, 2.52 1.43
M2 0.21 -0.97 2.44, 2.46, 2.53 1.45 0.20 -1.17 2.42, 2.44, 2.48 1.37
M3 0.10 -1.10 2.45, 2.45, 2.51 1.51 0.10 -1.29 2.44, 2.45, 2.49 1.48
M4 0.00 -1.17 2.43, 2.45, 2.50 1.40 0.00 -1.36 2.39, 2.41, 2.46 1.35
M8 0.13 -1.06 2.43, 2.45, 2.51 1.41 0.11 -1.26 2.42, 2.43, 2.48 1.37
M9 0.24 -0.99 2.45, 2.46, 2.50 1.55 0.19 -1.20 2.43, 2.45, 2.49 1.51
Ortho 2.11 -0.63 2.43, 2.44, 2.51 1.44 1.79 -1.16 2.42, 2.43, 2.49 1.38
Para 1.12 -0.92 2.44, 2.47, 2.56 1.48 1.00 -1.24 2.41, 2.42, 2.49 1.35
In the minimum energy adsorption, a single CT molecule attaches to the surface via its tail
sulphur which shows three-fold coordination with the nearest neighbor gold atoms at the hollow
site. The three S-Au bonds are not equal in length as presented in Table 2. For the isolated case
of M9 on Au(111), they are found as 2.45, 2.46, 2.50Å with PBE and 2.43, 2.45, 2.49 Å with
vdW-DF at the hollow position. Although the vdW-DF bond lengths are only slightly shorter than
the PBE ones, the inclusion of the dispersive forces have non negligible effect on the minimum
energy geometries especially on the surface gold atoms in the vicinity of the adsorption region.
The standard PBE functional leads to considerable local distortion on the gold surface while it is
less noticeable when vdW corrections apply. For instance, M9 sits on the hollow site above the
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surface gold triangle where the three Au-Au distances become 3.45, 3.49, 3.49 and 3.37, 3.37, 3.42
Å with the PBE and optB86b-vdW functionals, respectively.
Figure 3: The adsorption geometry of (5×5) and (√19×√19)R23.4◦ structures of 1ML M1 and
M9 on the unreconstructed Au(111) surface optimized using vdW-DF.
In Figure 2, the dipole moments and the adsorption geometries of the studied CT isomers are
shown. When the z components of the dipole moments are considered, a correlation with the
adsorption energies can be noticed. A dipole monent vector pointing above the surface results in
lower binding energies with both PBE and optB86b-vdW functionals. Whereas dipole moment
vectors pointing towards the surface increase binding energies.
The work function of the clean gold (111) surface is calculated using the expression W =
V (∞)−EF as 5.15 eV. Here, V (∞) is the electrostatic potential in the vacuum and EF is the Fermi
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Figure 4: Electrostatic potential energy profiles of the Au(111) slab with M1 and M9 CT adlayers.
¯V(z) is plane averaged along the surface normal. Vvac is the potential energy value at the vacuum
regions and EF is Fermi level.
energy. We obtained the real space electrostatic potential V (x,y,z) in a self-consistent DFT calcu-
lation. Then the plane averaged potential is given by
¯V(z) = 1
A
∫∫
cell
dxdy V (x,y,z) (1)
where A is the surface unit cell area. The plots for surfaces with M1 and M9 SAM structures are
presented in Figure 4.
The dissociative adsorption of an isolated M9 molecule on the gold (5×5) surface correspond-
ing to 0.25 ML coverage yields a work function of 4.81 eV. The same surface structure with an
isolated M1 gives this value as 5.13 eV. For a full M9 adlayer on the gold surface, it becomes
4.45 eV while M1 SAM leads to a work function of 5.20 eV. In other words, M9 SAM results in
a reduction of 0.70 eV in the work function of the gold surface while M1 SAM increases it by
0.05 eV. When the electrostatic potential profiles of M1 and M9 SAM structures in Figure 4 are
compared, the higher potential well depth of M1 indicates a lower electron density in the molec-
ular film relative to M9. This implies a stronger interaction between the M1 layer and the gold
surface. Therefore, these results indicate a better binding in favor of M1 adlayer. Weiss et al., in
their experimental study, have reported a reduction of 0.4 eV for M9 and increase of 0.4 eV for M1
SAMs.53 Though the changes in the work function due to individual M1 and M9 SAMs we report
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here do not match very well with the experimental results, the total variation (0.75 eV) agrees very
well with the experimental value (0.8 eV).
Table 3: Relative total cell energies, Et, the dissociative adsorption energies, Eads, and the
heights of a full CT adlayer on Au(111) with two different phases calculated using the PBE
and the optB86b-vdW exchange-correlation functionals.
CT
PBE optB86b-vdW
(5×5) (√19×√19)R23.4◦ (5×5) (√19×√19)R23.4◦
Et Eads h Et Eads h Et Eads h Et Eads h
M1 3.55 -0.48 2.05 3.51 0.73 1.55 2.74 -0.70 2.02 2.44 -0.35 1.49
M9 0.00 -0.30 2.05 0.00 0.79 1.56 0.00 -0.51 2.01 0.00 -0.02 1.49
Figure 5: Relative energy of single M9 + Au(111) combined system with respect to the tilting
angle of S-Au bond. The zero of the angle is set as the minimum energy vertical alignment of M9
that is not perfectly perpendicular to the surface.
We have computed the relative cell energy of an isolated M9 as a function of the tilting angle
as shown in Fig. 5. M9 makes an angle of ∼10◦ with the surface normal at its minimum energy
binding. The potential energy barrier is almost 2.1 eV between standing up and lying parallel
orientations. This big energy difference can be attributed to the generation of strong Au-S bonds
by M9 with large molecular dipole.
The average value of the nearest neighbor spacings between the carboranethiol isomers at 1ML
on Au(111)-(5×5) are about 7.2 Å and 7.0 Å with and without vdW corrections. The correspond-
ing mean values slightly change to 7.4 Å and 7.2 Å on the (√19×√19)R23.4◦ structure. These
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Figure 6: Calculated total and partial densities of states (DOS) of isolated and 1ML M1/M9 CT on
Au(111). Shaded regions indicate the molecular contributions. The DOS plots of a single M1/M9
in the gas phase and of an adlayer without the gold slab are presented in the lower two panels,
correspondingly.
geometry optimization results are consistent with experimental value of 7.2±0.4 Å.55 When the
relative total energies of the flat gold surfaces with M1 and M9 adlayers are compared, the latter is
found to be energetically more preferable than the former by 3.55 eV by PBE or 2.74 eV by vdW-
DF per (5×5) unit cell as seen in Table 3. On the other hand, the adsorption energy comparisons
favor M1 over M9 in terms of stability at both low and full concentrations. The PBE functional
appears to underestimate the adsorption energies. Especially, PBE does not give any binding for 1
ML CT on (√19×√19)R23.4◦ unit cell yielding a positive adsorption energy. This result urges the
importance of vdW corrections in the theoretical description of metal-organic systems. Hohman
et al. reported that M1 is the preferred species in mixed monolayers. Our vdW-DF results indicate
a stronger adsorption in favor of M1 relative to M9 in good agreement with the experiments.55
The most striking difference of these similar CT isomers is their dipole moments. Therefore, the
dipole-dipole interactions between the molecules has a significant role in the SAM stability on the
gold surface.
We have calculated the total and projected densities of states (DOS) of Au(111) with M9 and
M1 at low and full coverages using the vdW-DF theory calculations. We chose M9 and M1 because
they cause work function changes in the opposite directions. We first stated with the electronic
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structures of a single M9(M1) in the gas phase and of an M9(M1) adlayer without the gold slab
as shown in the lower two panels of Fig. 6. The HOMO-LUMO separation of M9(M1) is found
to be 4.4(4.7) eV. Due mostly to dipole-dipole interactions within the CT layers, the energy levels,
in both cases, get slightly dispersed without showing a significant shift in their positions. The
weakness of the coupling between the molecules show itself as a broadening of the energy levels
mimicking a long-range correlation effect. The isolated and 1 ML M1 on Au(111) show similar
characteristics. However, they differ from the M1 cases for which gold slab is absent. Due to the
formation of strong Au-S bonds the DOS contributions of M1 species exhibit a significant red shift
in the energy spectra of CT-Au(111) systems. Similar conclusions can be drawn for the M9 case.
On the other hand, one can notice that M1 peak positions energetically lie lower relative to those of
M9. Therefore, the binding characteristics of M1 is favored over M9. This result is also consistent
with our calculated adsorption energies in Table 3. Although the dipole-dipole interactions are
weak in SAMs, the inclusion of vdW correction terms in the description of electronic structures of
organic-metal interfaces becomes important.
Conclusions
We carried out periodic density functional theory calculations by considering isolated and full
adlayer of carboranethiol isomers on the Au(111) surface. In order to quantitatively show the
effect of the long-range correlations on both the final geometries of CT-metal composite systems
and their electronic structures, we included dispersive forces in a self-consistent implementation
of the vdW-DF method. Then comparisons were made with the results obtained using the standard
exchange-correlation functional.
Isolated carboranethiols prefer the hollow site for dissociative adsorption on the gold (111)
surface by forming strong Au-S bonds. PBE calculations indicate that M4 has the lowest total
energy among the other isomers in the gas phase. M1 has a dipole moment almost parallel to the
surface while M9 has a moment nominally along the surface normal. Their 1 ML results indicate
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the role of the moment orientation on the relative total supercell energies of SAMs. The total
energy of Au(111) with a full monolayer of M9 is always lower that that of M1 with both the PBE
and the optB86b-vdW functionals. On the other hand, M1 is more preferable than M9 in terms of
stability since it always gives relatively stronger binding in both isolated and monolayer structures
due to more favorable dipole-dipole interactions in SAMs.
The LDA tends to underestimate the adsorption energies because of improper description of
the long-range correlations. PBE calculations favor a (5×5) film phase between the two competing
surface structures since the dissociative adsorption energy per CT appears to be positive on (√19×
√
19)R23.4◦ structure. The inclusion of vdW interactions correct the average adsorption energy per
CT of the latter phase to be slightly negative. Nevertheless, vdW-DF calculations still energetically
prefer the (5×5) geometry. Therefore, the vdW corrections are important to get reasonable results
for carboranethiol-metal systems.
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